Fibroblast growth factor receptor (FGFR) gene alterations are relatively frequent in lung squamous cell carcinoma (LSCC) and are a potential targets for therapy with FGFR inhibitors. However, little is known regarding the clinicopathologic features associated with FGFR alterations. The angiokinase inhibitor nintedanib has shown promising activity in clinical trials for non-small cell lung cancer. We have now applied next-generation sequencing (NGS) to characterize FGFR alterations in LSCC patients as well as examined the antitumor activity of nintedanib in LSCC cell lines positive for FGFR1 copy number gain (CNG). The effects of nintedanib on the proliferation of and FGFR signaling in LSCC cell lines were examined in vitro, and its effects on tumor formation were examined in vivo. A total of 75 clinical LSCC specimens were screened for FGFR alterations by NGS. Nintedanib inhibited the proliferation of FGFR1 CNG-positive LSCC cell lines in association with attenuation of the FGFR1-ERK signaling pathway in vitro and in vivo. FGFR1 CNG (10.7%), FGFR1 mutation (2.7%), FGFR2 mutation (2.7%), FGFR4 mutation (5.3%), and FGFR3 fusion (1.3%) were detected in LSCC specimens by NGS. Clinicopathologic features did not differ between LSCC patients positive or negative for FGFR alterations. However, among the 36 patients with disease recurrence after surgery, prognosis was significantly worse for those harboring FGFR alterations. Screening for FGFR alterations by NGS warrants further study as a means to identify patients with LSCC recurrence after surgery who might benefit from nintedanib therapy. L ung cancer is the leading cause of cancer-related to cancer worldwide, with NSCLC being the most common form of this disease (1) and LSCC accounting for 30-35% of NSCLC cases.
Fibroblast growth factor receptor (FGFR) gene alterations are relatively frequent in lung squamous cell carcinoma (LSCC) and are a potential targets for therapy with FGFR inhibitors. However, little is known regarding the clinicopathologic features associated with FGFR alterations. The angiokinase inhibitor nintedanib has shown promising activity in clinical trials for non-small cell lung cancer. We have now applied next-generation sequencing (NGS) to characterize FGFR alterations in LSCC patients as well as examined the antitumor activity of nintedanib in LSCC cell lines positive for FGFR1 copy number gain (CNG). The effects of nintedanib on the proliferation of and FGFR signaling in LSCC cell lines were examined in vitro, and its effects on tumor formation were examined in vivo. A total of 75 clinical LSCC specimens were screened for FGFR alterations by NGS. Nintedanib inhibited the proliferation of FGFR1 CNG-positive LSCC cell lines in association with attenuation of the FGFR1-ERK signaling pathway in vitro and in vivo. FGFR1 CNG (10.7%), FGFR1 mutation (2.7%), FGFR2 mutation (2.7%), FGFR4 mutation (5.3%), and FGFR3 fusion (1.3%) were detected in LSCC specimens by NGS. Clinicopathologic features did not differ between LSCC patients positive or negative for FGFR alterations. However, among the 36 patients with disease recurrence after surgery, prognosis was significantly worse for those harboring FGFR alterations. Screening for FGFR alterations by NGS warrants further study as a means to identify patients with LSCC recurrence after surgery who might benefit from nintedanib therapy. L ung cancer is the leading cause of cancer-related to cancer worldwide, with NSCLC being the most common form of this disease (1) and LSCC accounting for 30-35% of NSCLC cases. (2) Although recent progress in molecular targeted therapy, including the development of small-molecule drugs that target oncogene products, has improved the outlook for patients with lung adenocarcinoma, (3) no "druggable" targets have been established to date for LSCC. (4) Multikinase inhibitors such as sunitinib, (5) sorafenib, (6) pazopanib, (7) and vandetanib (8) that target proangiogenic signaling pathways in addition to that triggered by VEGF have been approved as anti-angiogenic agents for the treatment of various solid tumors. The molecular targets of these inhibitors include VEGFR1-3, PDGFRa and b, and FGFR1-3. Nintedanib (formerly known as BIBF 1120) is also an angiokinase inhibitor that is highly active against VEGFR1-3, FGFR1-3, and PDGFRa/b with IC 50 values of 13-34, 37-108, and 59-65 nmol/L, respectively. (9) This agent has also shown promise in clinical trials for patients with various solid tumors including NSCLC, (10, 11) renal cell cancer, (12) ovarian cancer, (13) and prostate cancer. (14) Fibroblast growth factor receptor is a potential therapeutic target for several types of cancer in which FGFR signaling plays an important role in tumor growth. (15) The four members of the FGFR family (FGFR1-4) are encoded by different genes. FGFR gene alterations such as mutations and amplification were found to be most common in bladder carcinoma, uterine cancer, and LSCC. (16) Gene amplification and overexpression of FGFR1 or FGFR2 have also been identified in breast (17) and gastric (18) cancer, respectively, and mutation of FGFR3 or FGFR4 has been detected in bladder cancer (19) and rhabdomyosarcoma, (20) respectively. However, the consequences of FGFR genetic alterations for nintedanib treatment in LSCC patients after surgery remain unclear.
We have now characterized FGFR alterations in LSCC patients as well as evaluated the clinicopathologic features of patients positive for such gene alterations and the impact of the genetic changes on patient survival after disease recurrence. In addition, we examined the effects of nintedanib on human LSCC cell lines harboring FGFR1 CNG.
Materials and Methods
Cell culture. The human NSCLC cell line PC-9 was provided by Tokyo Medical University (Tokyo, Japan), (21, 22) and the LK-2, A549, H520, H1299, and H1581 lines were obtained from ATCC (Manassas, VA, USA) and authenticated by short tandem repeat-based DNA profiling (Takara Bio, Shiga, Japan). All cells were cultured under a humidified atmosphere of 5% CO 2 at 37°C in RPMI-1640 (Sigma, St. Louis, MO, USA) supplemented with 10% heat-inactivated FBS (EquitechBio, Kerrville, TX, USA).
Cell proliferation assay. Nintedanib was obtained from Selleck Chemicals (Houston, TX, USA). To assay the effect of nintedanib on cell proliferation, cells (1000-3000/well) were transferred to 96-well flat-bottomed plates and cultured for 24 h before the addition of various concentrations of nintedanib and incubated for an additional 72 h. TetraColor One (5 mmol/L tetrazolium monosodium salt and 0.2 mmol/L 1-methoxy-5-methylphenazinium methylsulfate; Seikagaku, Tokyo, Japan) was then added to each well, and the cells were incubated for 3 h at 37°C before measurement of absorbance at 490 nm with a Multiskan Spectrum instrument (Thermo Labsystems, Boston, MA, USA). Absorbance values were expressed as a percentage of that for untreated cells, and IC 50 values were calculated.
Immunoblot analysis. Protein extraction was carried out using cell lysis buffer (Cell Signaling Technology, Danvers, MA, USA) for cells and Lysing Matrix D (MP Biomedicals, Santa Ana, CA, USA) for tissues. Lysates were fractionated by SDS-PAGE, transferred onto a nitrocellulose membrane, blocked with 5% skim milk, and incubated overnight at 4°C with primary antibodies including: p-FGFR, ERK, AKT, and p-AKT (Cell Signaling Technology); FGFR and p-ERK (Santa Cruz Biotechnology, Santa Cruz, CA, USA); and b-actin (Sigma). Immune complexes were detected by incubating the membrane for 1 h at room temperature with corresponding HRP-conjugated goat antibodies (Amersham Biosciences, Little Chalfont, UK) and exposed to enhanced chemiluminescence reagents (Perkin-Elmer, Boston, MA, USA).
Fluorescence in situ hybridization. FGFR copy number per cell was determined by FISH with the use of an FGFR1 Split FISH Probe (FS0025; GSP Lab, Kanagawa, Japan). Gene CNG was strictly defined on the basis of a mean FGFR1 copy number of >4. Fluorescence signals were evaluated by at least two independent observers.
Xenograft model. Mice were maintained in accordance with the Recommendations for the Handling of Laboratory Animals for Biomedical Research compiled by the Committee on Safety and Ethical Handling Regulations for Laboratory Animal Experiments (Kindai University, Osaka-Sayama, Japan). Ethical procedures met the guidelines established by the UK Coordinating Committee on Cancer Research. Six-week-old female BALB/c nu/nu (nude) mice (Clea Japan, Tokyo, Japan) were injected s.c. with a suspension of H520 or LK-2 cells (5 9 10 6 cells) in 100 lL PBS. After 1 week, the mice were assigned to three groups in such a manner as to ensure a similar mean tumor size in each group. Saline vehicle or nintedanib were given orally at 30 . After pulmonary resection, the patients were examined at 3-or 6-month intervals. Evaluations included physical examinations, chest radiography, or computed tomography scan, and detection of tumor markers. When recurrence was suspected, brain magnetic resonance imaging, bone scintigraphy, or positron emission tomography was performed.
Tissue processing. Formalin-fixed, paraffin-embedded tumor specimens underwent histological review, and only those containing sufficient tumor cells (at least 75%) as revealed by H&E staining were subjected to nucleic acid extraction. DNA and RNA were isolated from the tissue with the use of an AllPrep DNA/RNA FFPE Kit (Qiagen, Valencia, CA, USA). The quality and quantity of the nucleic acid were verified with the use of a NanoDrop 2000 device, PicoGreen dsDNA Reagent, and RiboGreen RNA Reagent (Thermo Fisher Scientific).
Next-generation DNA sequencing. Tumor DNA was subjected to analysis with NGS panels for detection of mutations and CNG. A panel for the entire coding sequences of FGFR1, FGFR2, FGFR3, and FGFR4 was designed with the use of Ion AmpliSeq Designer (Life Technologies, Carlsbad, CA, USA) (Table S1) (Waltham, MA, USA) For detection of mutations, raw variant calls were filtered with the following annotations: quality score of <100 and depth of coverage of <19. Nucleotide and amino acid numbers refer to the following GenBank accession numbers: FGFR1, NM_023110 or NM_001174067; FGFR2, NM_000141; FGFR3, NM_000142; and FGFR4, NM_022963. Germline mutations were excluded with the use of the Human Genetic Variation Database (http://www.genome.med.kyotou.ac.jp/SnpDB). (23) For detection of CNG, the read depth of target genes (FGFR1-4) was divided by the average depth for the reference genes (TERT and RPPH1). Adjusted read depth was log 2 -transformed, and the median log 2 value per gene was used for copy number analysis. The log 2 ratio cut-off value for CNG was set at 1.25 with reference to a previous study. (24) The mutation and copy number data were visualized with the use of OncoPrinter. (25, 26) Next-generation RNA sequencing. A panel of FGFR fusion genes (Table S2 ) was designed by the Ion Torrent White Glove Team (Life Technologies). For RNA sequencing, RNA (10 ng) was subjected to reverse transcription with the use of a SuperScript VILO cDNA Synthesis Kit (Life Technologies) followed by library generation with the use of an Ion AmpliSeq Library Kit 2.0 (Life Technologies), the latter of which allows detection of transcripts derived from two FGFR1, eight FGFR2, and four FGFR3 fusion genes as well as from five housekeeping genes (HMBS, TBP, ITGB7, MYC, and LMNA). After multiplex PCR amplification, Ion Xpress Barcode Adapters were ligated to the PCR products, which were then purified with the use of Agencourt AMPure XP beads. The purified libraries were pooled and then sequenced with the use of an Ion Torrent Proton instrument, Ion PI IC 200 Kit, and Ion PI version 2 Chip. RNA sequencing data were accessed through Torrent Suite version 4.4. Read data were aligned to GRCh37/hg19 in BAM format and were analyzed for the number of counts per amplicon in each sample with a coverage analysis plugin (version 4.4; Life Technologies). Fusion genes were judged positive if the fusion read count was >100.
Real-time PCR-based copy number assay. DNA copy numbers for FGFR1, FGFR2, FGFR3, and FGFR4 were determined with the use of TaqMan Copy Number Assays (Applied Biosystems, Foster City, CA, USA) and primers Hs02164585_cn, Hs05208783_cn, Hs00113109_cn, and Hs01949336_cn, respectively. The TERT locus was used as an internal reference, and human genomic DNA (Promega, Madison, WI, USA) was used as a normal control. Polymerase chain reaction analysis was undertaken with an StepOnePlus Real-Time PCR System (Applied Biosystems), and the gene copy number was calculated using the 2 ÀDDC T method. The cut-off value for CNG was set at 5.0 with reference to a previous study. (18) Statistical analysis. Data were reported as mean values AE SD and were analyzed using the Student's t-test and one-way ANOVA. Categorical data for patient characteristics were evaluated with Fisher's exact test. Patient survival was analyzed by the Kaplan-Meier method and log-rank test. All statistical analyses were carried out with the use of Prism software (version 5.01; GraphPad Software, San Diego, CA, USA). A P-value of <0.05 was considered statistically significant.
Results
Nintedanib inhibits the proliferation of LSCC cells harboring FGFR1 copy number gain. To investigate the antitumor activity of nintedanib for NSCLC cells harboring FGFR alterations, we examined two human LSCC cell lines (LK-2 and H520) and one large-cell carcinoma cell line (H1581). All three cell lines were positive for FGFR1 CNG; conversely, NSCLC cell lines (H1299, A549, and PC-9) were negative for FGFR1 CNG, as confirmed by FISH analysis (Figs 1a,S1 ). Immunoblot analysis revealed increased levels of both FGFR1 and p-FGFR1 in H520, H1581, and LK-2 cells compared with H1299, A549, and PC-9 (Fig. 1b) . These results are consistent with previous findings. (27) Nintedanib potently inhibited proliferation of all three cell lines positive for FGFR1 CNG with IC 50 values of 0.76 AE 0.04, 0.55 AE 0.24, and 0.09 AE 0.01 lM for H520, H1581, and LK-2 cells, respectively (Fig. 1c) . In contrast, the IC 50 values of nintedanib for lung cancer cells without FGFR1 CNG were approximately an order of magnitude larger (6.14 AE 1.28, 3.98 AE 0.16, and 5.37 AE 2.38 lM for H1299, A549, and PC-9 cells, respectively), indicating that nintedanib selectively inhibits the proliferation of cells positive for FGFR1 CNG. Nintedanib inhibited the p-FGFR1 and its downstream signaling molecule ERK in a concentration-dependent manner in H520 and LK-2 cells (Fig. 1d) . It also completely inhibited the phosphorylation of the downstream kinase AKT at a concentration of 1 lM in H520 cells but not in LK-2 cells (Fig. 1d) . Nintedanib had no effect on the phosphorylation of these various signaling molecules in cells negative for FGFR1 CNG (data not shown). These results suggest that nintedanib inhibits the proliferation of FGFR1 CNG-positive lung cancer cells, at least in part, by blocking the FGFR1-ERK signaling pathway.
Nintedanib inhibits the growth of FGFR1 CNG-positive LSCC xenografts. We examined the preclinical efficacy of nintedanib treatment on H520 and LK-2 LSCC cells harboring FGFR1 alterations. Nintedanib was given orally at a 30 or 50 mg/kg per day for 15 days. Nintedanib was well tolerated and no body weight loss was observed (Fig. 2a) . Treatment with nintedanib inhibited the growth of H520 tumors in a dose-dependent manner by 26.7% and 41.4% (P = 0.0082, 50 mg/kg vs vehicle) at 30 and 50 mg/kg, respectively (Fig. 2b) . Treatment of LK-2 tumors with nintedanib yielded a~34% reduction of tumor growth regardless of dose. Although nintedanib showed some suppression of LK-2 xenograft growth, the differences were not statistically significant (Fig. 2b) .
To determine whether the antitumor activity of nintedanib observed on FGFR1 CNG-positive LSCC tumors was a direct result of FGFR1 signal inhibition, we characterized FGFR1 signaling in H520 and LK-2 xenografts. Indeed, immunoblot analyses revealed that nintedanib inhibited the FGFR1 phosphorylation and its downstream molecule ERK in H520 tumors (Fig. 3a) . However, low levels of p-FGFR1 were detected in LK-2 cells at basal levels (vehicle), and remained unchanged after treatment. Notably, p-ERK decreased in LK-2 tumors treated with high dose nintedanib. Both VEGFR and PDGFR are also possible targets of nintedanib and may contribute to decreased ERK activity. However, due to technical limitations, we were unable to measure VEGFR and PDGFR phosphorylation in our samples. We confirmed FGFR1 activity in LSCC xenografts by immunohistochemistry. In the H520 tumor xenografts, p-FGFR1 was localized in both human cancer and mouse stromal/vascular cells. Treatment with nintedanib clearly reduced p-FGFR1 in both cell types (Fig. 3b) . However, in LK-2 tumors, p-FGFR1 was detected in the mouse stromal/vascular cells but not the LK-2 cells. Still, nintedanib suppressed p-FGFR1 in mouse stroma (Fig. 3b) . Fibroblast growth factor receptor 1 signaling has been implicated in a wide range of cellular processes, including proliferation.
(15) Therefore, we examined the influence of FGFR1 signal inhibition with nintedanib on cancer cell proliferation by Ki-67 expression (Fig. 3c,d) . A clear but statistically insignificant dose-dependent trend of reduced of Ki-67-positive cells was observed in H520 xenografts (Fig. 3c,d ). In contrast, no changes in Ki-67-positive cells were observed in nintedanib-treated LK-2 xenografts. Changes in tumor cell proliferation were similar to changes in p-FGFR1, suggesting that inhibition of FGFR1 phosphorylation by nintedanib may have contributed to suppress tumor growth.
To further determine the antitumor activity of nintedanib on LSCC tumors, we examined its effects on neovascularization. Figure 3e shows representative images of CD31-positive microvessels in tumor sections. Treatment with nintedanib reduced overall vessel size (vessel area, vessel perimeter) in H520 xenografts, resulting in a diminished blood supply to the tumors (ration of vessel area/tumor area) (Fig. 3f) . In contrast, nintedanib decreased blood supply to LK-2 xenografts by reducing vessel density (Fig. 3f) . Differences in the patterns of tumor microvasculature between the two models may be due to variances in tumor cell proliferation, metabolic demands, and complex interactions with host stromal cells. (28) Still, it is important to note that in both models, treatment with nintedanib increased the intercapillary distance, indicating anti-angiogenic activity. Interestingly, a dose-dependent effect was not observed in either case, suggesting that low-dose nintedanib may be sufficient to induce anti-angiogenic effects, but higher doses might be required to inhibit cancer cell proliferation.
Overall, we showed that nintedanib produces a potent antitumor effect on H520 xenografts and is characterized by decreased p-FGFR1 signaling, cancer cell proliferation, neovascularization, and tumor volume. Hence, our findings suggest that FGFR1 CNG-positive LSCC showing increased FGFR1 signaling may be susceptible to therapy with multikinase inhibitors such as nintedanib.
FGFR alterations in clinical LSCC specimens. We next investigated FGFR alteration status in 75 clinical LSCC specimens by NGS. DNA and RNA sequencing was carried out to detect copy number variation, mutations, and fusion genes. Copy number variation for FGFR1, FGFR2, FGFR3, and FGFR4 was analyzed with a log 2 ratio cut-off value for copy number gain of 1.25. An increased FGFR1 copy number was detected in 8/75 (10.7%) clinical LSCC specimens (Fig. 4a) , whereas CNG for FGFR2, FGFR3, or FGFR4 was not apparent in any of the tumor specimens. To evaluate the accuracy of CNG determined by NGS, we also used a real-time PCR-based copy number assay with a cut-off value of 5.0. An increased FGFR1 copy number was detected in 10/75 (13.3%) LSCC specimens (Fig. 4b) , with no CNG again being apparent for FGFR2, FGFR3, or FGFR4 in any of the tumor samples. Comparison of FGFR1 copy number status, determined by the detection of FGFR1 CNG with NGS and real-time PCR assay, revealed a sensitivity and specificity of 80% (8/10) and 100% (65/65), respectively, with an accuracy of 97.3% (73/75) (Table S3) . Matched specimens for all eight tumors found to be positive for FGFR1 copy number gain by NGS were also judged to be positive for FGFR1 CNG by FISH (Fig. 4c) , suggesting that the power of NGS for detection of copy number gain is similar to that of standard FISH analysis. Somatic missense mutations in the coding regions of FGFR1, FGFR2, FGFR3, and FGFR4 were detected in 2/75 (2.7%), 2/75 (2.7%), 0/75 (0%), and 4/ 75 (5.3%) specimens, respectively, with one tumor showing missense mutations of both FGFR1 and FGFR2. The NGS analysis of FGFR1, FGFR2, and FGFR3 fusion genes in the 75 LSCC specimens revealed only the presence of FGFR3-TACC3 in one case, which was also positive for a somatic mutation of FGFR4. In total, FGFR alterations were detected by NGS in 15/75 (20.0%) clinical LSCC specimens (Fig. 5) , consistent with data from The Cancer Genome Atlas. (29) Moreover, FGFR gene copy number and mutations were mutually exclusive. The results of NGS and real-time PCR analysis for all 75 LSCC specimens are shown in Table S4 .
Prognostic value of FGFR alterations in LSCC patients. The clinicopathologic features of the LSCC cohort are summarized in Table 1 . Tumor tissues were collected from 75 LSCC patients at surgical resection. Among all patients, there was no significant difference in age, sex, smoking status, clinical stage, or recurrence between patients classified as FGFR alteration-positive or -negative by NGS. The OS rates of the FGFR alteration-positive and -negative patients were investigated. There was no difference in median survival for both groups (Fig. 6a) . We further analyzed the association between FGFR alteration status and survival in the subgroup of patients with recurrence. Thirty-six of the 75 patients relapsed at a median of 6.9 months after surgery, with the most frequent sites for metastasis being bone, liver, and brain. Among the recurrent cases, 34 of 36 patients received radiotherapy (12/34), chemotherapy (12/34), or chemoradiation (10/34). Of the other two patients, one patient died before starting treatment. The remaining patient underwent surgical resection for the recurrent lung tumor. There was no significant difference in OS among the treatment choice. Subset analysis of these 36 patients revealed that the FGFR alteration-positive group had a shorter median OS than did the FGFR alteration-negative group (17.5 vs 37.7 months, P = 0.0025) (Fig. 6b) . FGFR alteration-positive patients tended to have shorter recurrencefree survival compared with the alteration-negative patients (6.7 vs 7.1 months, P = 0.1393) (Fig. 6c) , although this difference was not statistically significant. These results suggest that FGFR alteration might be a prognostic marker for LSCC patients with recurrence after surgery.
Discussion
We have here shown the utility of FGFR alteration screening using NGS. The overall frequency of FGFR alterations in LSCC detected by NGS was 20.0% in the present study. Among the relapsed patients in this study, the OS time in FGFR alteration-positive patients was significantly shorter than that in negative patients. Thus, FGFR alteration is considered a potential target for therapy with FGFR inhibitors. Nintedanib is a triple angiokinase inhibitor that simultaneously acts on VEGFR, PDGFR, and FGFR. (9) There is no previous study reporting the antitumor activity of nintedanib to LSCC with FGFR1 CNG. The screening for FGFR alteration in order to select patients whose tumors may be sensitive to nintedanib thus warrants further investigation as a potential new therapeutic approach for LSCC.
We have also shown that nintedanib inhibited proliferation of the FGFR1 CNG-positive LSCC cell lines H520 and LK-2 in vitro as well as the growth of tumors formed by these cells in vivo. Additionally, nintedanib exerted stronger antitumor activity in H520 cells in vivo through the suppression of tumor cell proliferation and neovascularization. Accordingly, these effects were consistent with inhibition of FGFR signaling, which has previously been identified as a potential therapeutic target in LSCC. (30) It is important to note that there were discrepancies between in vivo and in vitro FGFR1 activity of LK-2 cells. Notably, LK-2 cells showed high basal levels of FGFR1 phosphorylation in vitro and were effectively inhibited by nintedanib. However, LK-2 xenografts showed low FGFR1 activity (Fig. 3a,b) . Although the precise reason for this inconsistency is unknown, it is not uncommon for tumor cells to show different molecular phenotypes between 2-D in vitro culture and in vivo models. Nevertheless, this phenomenon afforded us an opportunity to compare FGFR1-specific activity of nintedanib. The difference in FGFR1 phosphorylation between the two tumor models could account for the difference in sensitivity to nintedanib. In essence, our findings showed that inhibition of the FGFR1 signal pathway targets both cancer and vascular cells in tumors and provided preclinical evidence that supports the targeting of FGFR1 with nintedanib in LSCC tumors with FGFR1 alterations.
Nintedanib monotherapy provides modest preclinical activity and will warrant further studies to determine whether rational combinations with other therapeutic methods may improve treatment responses. In the clinical setting, a phase III clinical trial carried out in patients with advanced NSCLC reported that nintedanib combined with docetaxel significantly improved progression-free survival compared to docetaxel alone in squamous populations, but did not prolong OS. (11) The combination of nintedanib with platinum doublet (cisplatin plus gemcitabine) was also evaluated in a phase I/II study (NCT01346540). Combination with platinum doublet is considered to be a potential strategy for clinical development of nintedanib. Aberrant activation of FGFR signaling can result from FGFR alterations including gene amplification, somatic missense mutation, and chromosomal translocation. Next-generation sequencing technology encompassing the sequencing of both DNA and RNA allows the simultaneous detection of copy number variation, mutations, and gene fusions. We have also now applied this approach to evaluate FGFR copy number, mutation, and fusion in clinical specimens of LSCC. Copy number gain for FGFR1 was the most frequently detected FGFR alteration in our LSCC cohort. The results for FGFR1 CNG obtained by NGS showed a 97.3% concordance with those obtained with a real-time PCR-based copy number assay. Previous studies also identified FGFR1 amplification as a frequent FGFR alteration in LSCC. (27, 31) The frequency of FGFR1 amplification among LSCC patients who were current smokers was also previously found to be 15.8-28.9%. (32, 33) In the present study, 97.3% of LSCC patients had a smoking history and the frequency of FGFR1 CNG was 13.3% (10/75) as determined by the real-time PCR assay, consistent with these previous results.
We detected FGFR missense mutations at a frequency of only 9.3% (7/75) in our LSCC cohort, consistent with the results of a previous study. (29) Fibroblast growth factor receptor proteins consist of an extracellular Ig-like domain, a transmembrane domain, and a cytoplasmic kinase domain. We detected FGFR1, FGFR2, and FGFR4 mutations in 2.7%, 2.7%, and 5.3% of LSCC specimens. These mutations included: (i) G70R located in the Ig-like domain of FGFR1 (NM_023110), which has previously been detected in lung adenocarcinoma; (34) (ii) P582S located in the tyrosine kinase domain of FGFR2, with mutations at this site also having been detected in cancer cell lines; (35) and (iii) T27I of FGFR1 (NM_001174067), T14I of FGFR2, as well as E381K, S382L, and G408S of FGFR4, all of which are located in alternative exons and have not been previously reported. FGFR fusion genes including BAG4-FGFR1, SLC45A3-FGFR2, and FGFR3-TACC3 have been detected in various cancer types including LSCC, prostate, and bladder tumors. (36) (37) (38) We detected only one FGFR fusion gene, FGFR3-TACC3, in our LSCC cohort by NGS.
The association between the nintedanib and other FGFR gene alterations, other than FGFR1 CNG, remains unclear and should be clarified in future studies. However, there are some reports regarding FGFR kinase or multikinase inhibitors against cancers with other FGFR gene alterations. AZD4547, a selective inhibitor of FGFR1, FGFR2, and FGFR3, has shown potent antitumor activity against an FGFR2 amplified xenograft model. (39) Tumors, including LSCC harboring FGFR2, FGFR3, or FGFR4 mutations, were found to be sensitive to the FGFR selective inhibitor BGJ398 and a multikinase inhibitor (ponatinib) in vitro and in vivo. (40, 41) Tumors harboring FGFR fusions also showed increased sensitivity to the FGFR selective inhibitor JNJ-42756493 and the multikinase inhibitor pazopanib. (42, 43) Thus, FGFR gene alterations other than FGFR1 CNG are considered to be a potential targets for cancer therapy.
Of the 75 patients in the present cohort, 36 individuals showed relapse at a median interval of 6.9 months after surgery. No difference in relapse frequency was apparent between patients whose tumors were positive or negative for FGFR alteration, suggesting that FGFR alteration is not a risk factor for recurrence. In contrast, FGFR1 amplification was associated with a greater risk of recurrence in individuals with esophageal cancer. (44) This difference between LSCC and esophageal cancer may be due to biological differences between the two tumor types. Among the relapsed patients in the present study, the OS time of those positive for FGFR alterations was significantly shorter than in those without such genetic changes. The difference in recurrence-free survival between the two groups did not reach statistical significance; this is likely due to small sample size.
In summary, we have screened LSCC specimens for FGFR alterations including mutations, copy number variation, and fusions by NGS. The detection rate of NGS for CNG was similar to that of real-time PCR, and the NGS results were validated by FISH analysis. The presence of FGFR aberrations as detected by NGS was associated with a significantly worse prognosis among patients with disease recurrence after surgery. Together with our finding that nintedanib showed antitumor activity both in vitro and in vivo against LSCC cells positive for FGFR1 CNG, these results suggest that clinical investigation of nintedanib as a potential targeted therapy for recurrent LSCC positive for FGFR alteration is warranted. AKT protein kinase B CNG copy number gain FGFR fibroblast growth factor receptor IC 50 half maximal (50%) inhibitory concentration LSCC lung squamous cell carcinoma NGS next-generation sequencing NSCLC non-small cell lung cancer OS overall survival pphosphorylated PDGFR platelet-derived growth factor receptor VEGF vascular endothelial growth factor VEGFR VEGF receptor
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